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1. Introduction

The techniques of sub-nanosecond CO 2 laser pulse generation have been

used to probe the properties of molecules with very high vibrational

energy. In polyatomic molecules the density of vibrational states becomes

so high that one may speak of a quasi-continuum of vibrational energy

levels. The properties of such molecules are of great current interest in

connection with the problems of laser induced isotope separation and laser

induced (mode-selective) chemistry. Questions of intramolecular energy

transfer and relaxation have been studied under this contract by two

distinct categories of experiments. These are briefly described in the

following two sections. More detailed results may be found in the three

papers, published or submitted for publication, which are attached as

appendices.

2. Infrared-Infrared Double Picosecond Irradiation

In these experiments a first pulse of CO2 laser radiation with a pulse

duration which may be varied from 2 x 107 sec to 3 x 10-1 sec is used

to give the molecule a high vibrational excitation. The absorption has

been measured as a function of pulse duration and intensity. Results are

presented in Appendix 1. A second infrared pulse, with a variable delay,

is then used to probe the infrared absorption spectrum. In the original

experiment the two pulses were at the same frequency and were obtained by

means of a beam splitter.

During this contract apparatus has been constructed in which the

outputs of two independently tunable CO 2 lasers are switched by the same

plasma switch. The first pulse at the P(20) CO 2 line is used to pump the
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V 3 mode of the SF 6 molecule. The change in absorption of the SF 6 molecule

is probed by the second tunable pulse. A 30 picosecond resolution has been

obtained over a frequency interval 18 cm1 to the low frequency side and

9 cmI to the high frequency side of the P (20) pump line. Preliminary

analysis of the data indicates that the energy redistribution from the V 3

mode to the other modes takes less than 30 picoseconds. Alternatively, one

might say that the intense picosecond pulse immediately excites a super-

position of modes in the quasi-continuum. It is planned to continue these

experiments with other funding. The experimental facility is unique and

well suited to address some outstanding questions in the field of intra-

molecular relaxation of highly excited states.

3. Infrared-Visible Double Pulse Excitation

These experiments utilize 10-20 nanosecond prulses from a TEA CO 2 lae

and froum a pulsed dye laser pumped by the fundamental or second harmonic

of a ruby laser. In the experiments carried out on NO 2 and biacetyl, the

molecule was first pumped to an electronic excited state with the visible

pulse. A quasi-continuum absorption of infrared absorption is then possible

in the excited manifold. In the electronic ground state no infrared

absorption at Co2 laser wave length took place. The infrared absorption in

the excited state causes changes in the fluorescence spectrum from this

level. A publication on the NO 2 results attached as Appendix 2 is believed

to be the first of its kind in this novel type of spectroscopy. More

experimental details are described in the paper on biacetyl, which is

scheduled for publication in September 1980 in the Journal of Chemical

Physics and is attached as Appendix 3.
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It is planned to use this double pulse facility in experiments on

other molecules, where infrared absorption may occur in the electronic

ground state. The question of inverse electronic relaxation needs to be

explored further. Experiments on chromyl chloride are under way with

temporary support from other sources.
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Appendix 1

A STUDY OF COLLISIONLESS MULTIPHOTON ABSORPTION
IN SF6 USING PICOSECOND CO2 LASER PULSES

H. S. Kwok, Eli Yablonovitch and N. Bloembergen

Gordon McKay Laboratory
Harvard University

Cambridge, Mass 02138

Present address: Materials and Molecular Research Division, Lawrence
Berkeley Laboratory, Berkeley, Ca 94720.
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ABSTRACT

The dynamics of collisionless infra-red multiphoton absorption in

SF6 was studied using picosecond C02 laser pulses. It was found

that at this new regime of light-matter interaction at very high laser

intensities, the absorption in the quasicontinuum has a considerable

intensity dependence. The deviation from energy fluence scaling law

was found to begin at about 400 MW/cm2 . Above this intensity, the

multiphoton interaction between the laser and the molecule should be

described by the full coherent Schrodinger equation rather than by the

usual Master rate equations. A novel method of preheating the SF6

molecules is also described and the saturation behavior of these

preheated molecules is measured with the picosecond pulses.
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I. INTRODUCTION

Much understanding of the process of infrared laser induced

multiphoton absorption (MPA) and dissociation (MPD) has been gained in

the past several years.la,b,c It is generally believed that the

initial excitation of the polyatomic molecule over the low lying

discrete levels contributes to the frequency selectivity and intensity

dependence of the overall multiphoton processes. The fact that sharp

resonances can occur in MPD has been demonstrated recently by Dai

et al. 2  It is also commonly accepted that once the molecule has

been excited to the quasicontinuum (QC) of vibrational states where

the multitude of energy levels interact strongly with each other, the

absorption of energy by the polyatomic molecule will become a linear

absorption process. The laser fluence rather than the laser intensity

will determine the total energy absorbed by the molecule.
la,3ab

When sufficient energy has been absorbed, unimolecular decomposition

of the polyatomic molecule will occur in complete agreement with the

RRKM theory predictions.

While the general picture is quite clear, there are many questions

remaining for a complete understanding of the process of MPD. For

example, more quantitative information about the transition from the

discrete levels to the QC is needed. More important, there is still

the question of the frequency and intensity dependence of the QC

adsorption, such as how the energy redistributes among all the vibra-

tional modes and whether there exists any sharp resonance in the QC.

6' . : , : - -- '. -
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The dynamics of the dissociations, especially if there are several

possible decomposition channels are also in need of further study.
4

Evidently, the best apparatus to study MPD experimentally is a

molecular beam machine where in addition to being collision free, the

dynamics of the dissociation process can be explored by obtaining both

the angular distribution and the time-of-flight spectra of the various

dissociation products. 5a'b' However, there are many situations

where we are only interested in having multiphoton excitation in the

molecule without dissociating it. Moreover, it is necessary that MPA

be understood more thoroughly before any study of MPD can be complete.

As a matter of fact, to acquire a thorough understanding of MPA, one

should try to avoid dissociation which contributes complications that

render the interpretation of the experimental data very difficult. In

this paper we shall describe a study of collisionless MPA in SF6 in

a gas cell using picosecond CO2 laser pulses up to very high levels

of excitation without dissociating the molecules.

There are many advantages of using picosecond laser pulses. First

of all, with a pulse duration of 30 psec, there can hardly be any

collision during the laser pulse interaction, even at cell pressures

as high as 20 torr. Thus the stringent requirement on cell pressure

for nanosecond pulse experiments can be relaxed by almost a thousand-fold.

Secondly, the peak intensity of a picosecond pulse is at least

three orders of magnitude larger than a nanosecond TEA laser pulse

with the same fluence. Therefore, one can expect the relative

importance of the initial excitation to diminish and hope to study the
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QC more directly. However because of exactly the same reason, care

should be taken in generalizing the result of this experiment to the

ordinary situations using nanosecond TEA CO2 pulses.

Thirdly, with picosecond pulses, and their accompanying high

intensities, there may be a chance of having the up-pumping rate

competing with intramolecular energy transfer within the molecule.

Hence there exists a possibility of seeing some previously unobserved

effects, such as coherent pumping in the quasicontinuum.

The most important advantage is that one can study the SF6

molecules near or above its dissociation limit without the compli-

cations of dissociation and problematic effects such as absorption by

dissociation products, because even at very high levels

of excitation there can hardly be any dissociation during the laser

pulse. For example,5c the RRKM lifetime for SF6 with 10 excess

CO2 photons of energy above its dissociation limit is 7 nsec, which

is much longer than the picosecond pulse duration. Therefore one can

measure the true MPA characteristics of the SF6 molecules at very

high levels of excitation. This cannot be accomplished with longer

duration pulses where dissociation will inadvertently occur during the

laser interaction. Therefore, by using picosecond pulses as an

excitation source, we should be able to study a new aspect of MPA and

hopefully provide new information on the nature of the QC.

We have performed two experiments on measuring the absorption of

multiple CO2 photons by the SF6 molecule. In the first

experiment, we measured the energy deposition with pulses of 30, 50,
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90 and 145 psec duration. This provided us with an idea of the

importance of pulse intensity in multiphoton interaction in the

quasicontinuum. In another experiment, using a method of collisional

laser excitation we preheated the SF6 molecules to the QC and then

measured the saturation characteristics of the absorption cross section

of SF6 as it is further excited. This heating method enables us to

study molecules which are already in the QC and therefore the question of

interference from the discrete levels can be avoided. Since the satur-

ation of any system is closely related to the relaxation mechanism, such

a measurement should provide some clues to the nature of intramolecular

damping and relaxation in the molecule.

In Section I, we shall describe briefly the picosecond C02 laser

system used in this experiment. In Section III, the experimental

techniques and procedures are described. The data handling methods to

obtain the true average number of CO2 photon absorbed (n) and the

absorption cross section a is also discussed. A novel way of thermally

heating a polyatomic molecule by a collisional MPA process will then be

presented in Section IV. The results of the picosecond measurements are

presented in Section V where their significance will also be discussed.

A brief conclusion will then be drawn in the final section.
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11. THE LASER SYSTEM

The generation of picosecond C02 laser pulses using the process

of optical free induction decay has been described previously. 6~

Essentially, a group of C02 molecules are prepared in their upper

(00*1) lasing level by passing a normal 100 nanosecond TEA laser pulse

through a long C02 gas tube at high temperature. The traditional

way of obtaining optical free induction decay is by Stark-switching

the absorbing system out of resonance with the incident laser. 7The

free induction decay will then occur at a slightly different frequency.

In our system, we simply turn off the incident laser pulse suddenly

using a plasma shutter. 8  The optical free induction decay pulse

that follows will be at the same frequency as the incident TEA laser

pulse.

The laser system is shown in Fig. 1. A hybrid grating tuned TEA

9
and a low pressure C02 laser was employed to provide a single

longitudinal mode laser pulse of 100 nsec duration and 5 MW peak power

in the TEMQQ mode. The hydrid configuration was necessary in order

to narrow the bandwidth of the CO2 laser. Moreover, the smooth

pulse profile provides much better stability with the plasma shutter,

and produces picosecond pulses with very little amplitude fluctuations.

The plasma shutter was a 1:1 telescope with a pair of f/1 germanium

lenses. Premature untriggered gas breakdown was prevented by passing

clean nitrogen gas through the focal volume. At the peak of the laser

pulse, a d.c. spark was fired which in turn triggered the main gas

breakdown stopping comipletely the transmission of the TEA laser
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pulse. Since the d.c. spark was triggered by the laser pulse itself,
8

this plasma shutter could be timed extremely precisely and had

practically no fluctuation.1
0

Part of the truncated laser pulse was split off using a coated

germanium substrate beam splitter, and sent to the SF6 gas cell

after some mild focussing. The remaining portion was sent through a

3 meter long tube containing typically between 50 and 250 torr of

CO2 gas in double pass. The tube was heated to 400°C in order to

populate the lower (10°0, 02°0)i lasing level thermally. Also, to

prevent saturation of absorption by the CO2 molecules, the TEA laser

pulse was spatially filtered before entering the hot gas tube. The

optics were arranged such that upon leaving the CO2 absorption tube,

the laser pulse was collimated and has a Gaussian spot size of 3.3 mm

in diameter.
11

As discussed by Yablonovitch et al., the optical free induction

decay pulse at the output of the hot CO2 gas tube has the same pulse

peak power as the input TEA laser pulse. The pulse duration can be

approximated by T2 /at, where T2 is the dephasing time of the

excitation in the CO2 gas, a is the linear absorption coefficient

and t is the path length. In our system, a has been measured and the

result is shown in Fig. 2. This measurement is in agreement with the

results of Gerry et al. 12 when scaled to the same temperatures.

From Fig. 2 we can obviously distinguish a low pressure regime of

Doppler broadening and a high pressure regime of pressure broadening.

Since we always operate above 500 torr in the CO2 gas tube, al can

be regarded as a constant with a value of 12.5 nepers.
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The pulse durations of the optical free induction decay pulses

have been measured with both an autocorrelation method6 and a double

resonance method. 13 The measurements agreed quite well with the

prediction of T2/aY. for the pulse durations. In our experiments on

SF6, we used CO2 gas pressures of 40, 70, 140 and 250 torr,

corresponding to pulse widths of 145, 90, 50 and 30 psec respectively.

IJ
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III. EXPERIMENTAL

In the experiments reported here, we measured the mean energy

absorbed by the SF6 molecule, represented in terms of the average

number of CO2 photons (n ), and the absorption cross section a of the

excited vibrational state of SF6. We deduced the values of (n > and

a as a function of the laser fluence J by observing the attenuation of

the laser pulse through a SF6 gas cell.1 4 Provided the experi-

mental data are analyzed properly as discussed below, this method is

quite suitable to the study of MPA, especially at low levels of

excitation where the optoacoustic method becomes insensitive.lb

Before dwelling on the details of the experimental procedure, let

us discuss some of the design criteria for the experiment. Most

important of all is the energy fluence requirement. The picosecond

CO2 laser pulses we used typically had a peak power of 2 MW. There-

fore to generate a fluence of 1 J/cm2, the laser has to be focussed

quite tightly. In our experiments, we used a 50.8 inch focal length

AR coated germanium lens for the picosecond laser pulses. For such

tight focussing, the corresponding Fresnel length is rather small.

The measured beam waist before focussing was 1.65 mm. Using Gaussian

optics, for a 50.8 inch focal length, the area of the focussed beam

increases by a factor of two at a distance of 3 mm from the focal

point. Therefore, in order to ensure a uniform parallel beam in the

SF6 gas cell, the thickness of the gas cell must be smaller than

4 mm.
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Another consideration for a more or less uniform laser beam inside

the gas-cell was that the transmission must be close to 100%. However,

one required the gas cell to be reasonably optically thick in order

that the measurement be accurate and sensitive. As a compromise, we

limited the transmission of the laser pulse to fall within 50% and

80%. This then imposed a lower limit on the SF6 gas cell pressure.

On the other hand, the gas pressure should be low enough to ensure

collisionless interaction. The smallest collisional deactivation time

ever measured 15 for SF6 was 13 nsec-torr. Therefore, in order to

avoid any collisional effect in our experiments, we have to limit the

SF6 pressure to be less than 60 torr for a 200 psec pulse. Thus the

gas cell length and pressure have to be chosen such that the trans-

mission falls within the range stated above. In our measurements, we

typically used a cell pressure of 20 to 30 torr and cell lengths of

1 mm and 3.7 nm.

The experimental setup is shown in Fig. 3. There are two 'laser

beams going into the gas cell. The picosecond pulse was delayed with

respect to the truncated pulse by 32 nsec. The truncated preheating

pulse was not in use for the energy deposition measurement with room

temperatur(. SF6 molecules. As shall be explained in the next

section, the truncated pulse in Fig. 3 was used to thermally heat up

the SF6 molecules. A 635 mm focal length BaF 2 lens was used to

focus the truncated pulse onto the gas cell to ensure that all the gas

molecules the picosecond pulse sees are uniformly preheated.
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The 99.9% SF6 gas was purchased from Matheson Gas Company

without further purification. A Pennalt-Wallace absolute pressure

gauge was used to monitor the gas cell pressure. The change in

fluence passing through the gas cell was accomplished by moving the

calibrated CaF2 attenuators in front of or behind the gas cell while

keeping the total attenuation constant. This allowed us to perform

the entire measurement on the same scale of the amplifier and reduced

the requirement on the dynamic range of the detection system. The

CaF 2 attenuators were sufficiently flat so that no beam deflection

occurred while they were moved. To further minimize sensitivity to

misalignment onto the detector, the output beam from the gas cell was

refocussed onto the detector with a 1:1 magnification.

A liquid nitrogen cooled Ge:Au detector was used throughout the

experiments. It was always checked that the detector was well below

saturation to ensure a linear response. The detector output was inte-

grated by capacitive loading and displayed on a Tektronix 7904

oscilloscope. Typically many laser shots were taken and the data were

averaged. The blackbody radiation produced by the plasma shutter

mentioned in the last section was detectable even after a more than

10 m optical path and spatial filtering. They were eliminated by an

OCLI 8 um long wavelength pass filter. All other stray lights were

blocked by a diaphram in front of the detector.

NaCl windows were used in the SF6 gas cells. To make certain

that the gas cell was located at the exact focus of the Germanium

lens, which was important in determining the laser energy fluence, it
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was mounted on a translation stage. To locate the focus, we simply

filled the gas cell with SF6 and moved it back and forth to find the

maximum transmission. This procedure ensures that the cell was

located at a place of maximum light intensity.

Since we could not measure the picosecond pulse energy directly

using an energy meter, the laser fluence was determined indirectly as

follows. First of all, using a normal TEA pulse we calibrated the

Ge:Au detector integrated voltage output in terms of the true absolute

energy using a well-calibrated Scientech power meter. This was done

by emptying the hot CO2 absorption tube and turning off the plasma

shutter so that the detector would gel the entire TEA laser pulse. We

then filled the CO2 gas and turned on the plasma shutter to produce

the optical free induction decay pulses. Since the detector inte-

gration time is much longer than both the TEA laser pulse and the

picosecond pulse durations, the output voltage of the detector should

simply be proportional to the pulse energy and independent of the

pulse shapes. Therefore, from the detector output, we could infer the

picosecond pulse energy. Incidentally, the ratio of the picosecond

pulse energy and the TEA pulse energy always came out to be simply the

ratio of the pulse durations which was expected if the two pulses had

the same peak intensities. Since the spatial profile of the pico-

second pulse was very close to a Gaussian, we could infer accurately

the focal area by measuring the beam size at the entrance of the

2 inch Ge lens, thus completing our estimation of the pulse fluence.



13

In all measurements, we always checked for the absence of saturation

in the CO2 gas tube which was required in order that the picosecond

pulse should have maximum contrast ratio.6  This is important because

the prepulse duration is three orders of magnitude longer than the

picosecond pulse. Every precaution oust be taken in order not to have

the integrated signal from the prepulse interfere with the real

signal. After the preliminary checks and calibrations, the experiment

can be performed. The transmission T of the SF6 gas cell was defined

as the ratio of the integrated detector signal with the cell filled

and at vacuum. The absorption was calculated by

( I - T) J (1)

where N, Lare the number density of molecules and the gas cell path

length respectively, and bw is the CO2 photon energy. J is the

2energy fluence of the laser pulse in J/cm . Since it changes its

value along the pathway inside the gas cell, some sort of averaging is

necessary to get a correct value of J in (1). One can either use the

geometrical mean 3 vT J or the arithmetic average of the fluence at

the entrance and the exit of the SF6 cell. The two means are iden-

tical provided the transmission is close to unity. In the experiment,

we never let the transmission T fall below 50%.

Corresponding to every value of (n), we can define a gross

absorption cross section OG for the molecule
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aG = nh)w/J (2)

We can also obtain the excited state absorption cross section a given

by

d(n) (3)
a - (3)t~

This quantity can be thought of as the small signal absorption cross

section of a molecule already prepared in its excited state. It is

obvious that a is more physically meaningful than OG in investigating

the properties of the QC.

Let us discuss now the data reduction procedure that is necessary

in this kind of measurements. The main observation about the experi-

mental data is that they are already averaged spatially in the sense

that the laser fluence varies across the laser beam. Fortunately, for

lasers with a Gaussian profile, there exists an exact deconvolution

procedure 16 whereby the truly fluence dependent transmission T can

be obtained from the measured transmission TM(J) by

T(J) = TM(J) + dnTM(J) (4)

Physically, we can think of TM(J) as the transmission measured with
2 2

a pulse with spatial profile J(r) = J0e
-2r w and T(J) as

the transmission measured with a pulse of constant spatial profile,

e.g.,
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0 J r < wo0

J(r)= 0 r >wo  (5)

Obviously, formula (4) need not be used if such a laser pulse exists.

Notice that in (4), the correction term d~nTM/dtnJ is always

negative for a saturating system. Without saturation, i.e., for

linear absorption, this term will be zero. It is generally correct

that whenever the data is manipulated in any way, new uncertainties

will be introduced which will increase the error bars. Fortunately as

we shall see later, the saturation of absorption for the picosecond

pulses is very small. Hence the correction needed to our raw data was

quite small and did not introduce undesirable additional errors.

Once the truly fluence dependent transmission is obtained, (n) and

oG can be calculated using (1) and (2). In principle, a can be

obtained by (3), applying the differentiation on the data for (n). In

practice it is easier to obtain a for OG employing the relationship

G 1 + naG) 
(6)

This relationship can be obtained from (2) and (3) as follows. Observe

that (n)hw = OGJ. Differentiating both sides with respect to J, we

obtain
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d(n) doG
'h U- = OG + J (7)

(6) then follows from (7) and (3) after a little algebraic manipulatfon.

For a system that does not saturate too rapidly in absorption,

such as the SF6 molecules under the irradiance of picosecond pulses,

the correction factor in (6) is small and a is numerically close to

arG . Therefore it is much better to obtain the absorption cross

section from OG rather than from (n).
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IV. THERMAL EXCITATION OF SF6 USING TRUNCATED CO2 LASER PULSES

In this section, we shall describe a novel way of obtaining

thermally excited SF6 molecules using collisional laser excitation.

In many experiments on MPA and MPD, it is desirable to use SF6

molecules which are already in the quasicontinuum whereby the discrete

levels can be ignored. A brute force method of getting these excited

molecules is by heating the entire gas cell to a few hundred degrees.

Here we present an alternative method of heating the SF6 molecules.

It has the merits of simplicity, and can be generalized to other

molecules in a straight forward manner.

The vibrational excitation in a given polyatomic molecule generally

redistributes first among the rotational levels via collisional V-R

energy transfer (rotational hole-filling), and then among the various

vibrational levels via collisional V-V transfer. It will then be

followed by V-T relaxation where the internal energy will equilibrate

with the thermal translational energy of the molecule. In ordinary

thermal heating, the translational, vibrational and rotational temper-

atures are the same. However, in MPA interaction, the translational

temperature of the molecule does not play any significant role since

it only contributes negligible Doppler broadening anyway. Therefore,

the molecule can be considered "thermally" excited if the vibrational-

rotational temperature has been established, i.e., after the competion

of V-R and V-V energy relaxation but not V-T relaxation. For SF6,

the V-R and V-V relaxation times are 150 ns-torr and 1.2 usec-torr
17

respectively. 7

* m



Our scheme of "thermally" heating the SF6 molecules consists of

exciting the molecules using a truncated CO2 laser pulse and then

allowing the excitation to relax among the vibrational-rotational

states by collisions.

To determine whether the molecules are sufficiently thermalized,

we need a reference standard of thermal heating. Nowak and Lyman (NL)

measured the absorption cross section of SF6 molecules using a weak
18

CW CO2 laser after thermal shock tube heating. Their results

provide an excellent calibration standard to test for thermal heating

in our experiment. To see that this is the case, we plot in Fig. 4

the absorption cross section a at P(20) as measured with a truncated

TEA CO2 pulse, at various cell pressures. Since the truncated pulse

is -30 nsec duration, we expect increasingly better thermalization as

we increased the cell pressure. Indeed, as seen from Fig. 4, the

measured result approached that of the measurement of NL as the

pressure increased from 5 to 50 torr. The discrepancies at low values

of (n) is probably due to the initial bottlenecking effect which is

not negligible even at 50 torr for weak excitation pulses.

To further allow the SF6 molecules to thermalize before we study

them with picosecond pulses, we allowed a 32 nsec time delay between

the truncated pulse and the picosecond pulse. Moreover for experi-

ments done with thermally heated SF6, we always turned the CO2

laser to the P(28) line. This is because the absorption spectrum of

SF6 exhibits a redshift as it is heated. Therefore, to obtain a

larger a, the laser should be correspondingly tuned to the red.
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Moreover, the maximum a as a function of the truncated heating pulse

fluence is experimentally very convenient for adjusting the fluence of

the heating pulse.

Figure 5 shows the absorption cross section measured by a weak

picosecond probe laser pulse when the truncated pulse fluence was

varied. The horizontal axis was obtained from an independent measure-

ment of (n) versus J using the P(28) truncated pulse. Two different

SF6 cell pressures were used. It can be seen that with 50 torr of

SF6 in the gas cell, the measured a agrees with the thermal shock

tube measurement exactly, indicating that the internal energy deposited

by the truncated pulse is fully vibrationally thermalized by collisions.

The 20 torr curve in Fig. 5 follows the same pattern but shows consider-

ably saturation of absorption at low fluences. This is presumably due

to insufficient collisional population redistribution. The peak a in

2
Fig. 5 corresponds to a heating pulse fluence of only 0.054 J/cm

We note here that this technique of collisional thermal excitation

in a collisionless experiment is possible only because we are using

both nanosecond and picosecond laser pulses. 20 Torr of SF6 in a

gas cell is high pressure enough for vibrational and rotational relax-

ation for the truncated pulse, but at the same time low pressure

enough for collisionless interaction with the picosecond pulses.

Presumably this technique can be generalized to nanosecond TEA pulse

experiments provided a usec pulse is available for thermal heating.
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From NL, the peak of the absorption at P(28) corresponds to a

temperature of 650°K. Thus we have an accurate definition of the

temperature of the SF6 molecules before the picosecond pulses arrive.



21

V. RESULTS AND DISCUSSION

(a) SF6 at 300°K

Figure 6 presents the data on the average photon number absorbed (n) by

an SF6 molecule as a function of the laser pulse fluence. We made

the measurements at four different optical free induction decay pulse

durations of 30, 50, 90 and 145 psec, respectively. The data reduc-

tion procedure described in Section III has been carefully applied.

The data was very reproducible upon repeating the experiment. The

only sources of error came from the uncertainty in knowing the laser

fluence exactly, together with a -5% error in reading the signal

voltages. So the relative error between the different curves in

Fig. 6 should be quite small (10%) while the absolute error was esti-

mated to be 50%. Since the experimental curves are almost straight

lines with unity slope, making an error in J will produce the same

error in (n). This means that the data point will simply slide along

the experimental curve. Hence, the uncertainty in knowino exactly the

laser fluence should not alter the absolute position of the

experimental curves in Fig. 6.

The experimental results show that at very high intensity levels

the energy deposition curves do not have any tendency to saturate and

converge near the dissociation threshold. As mentioned in the

Introduction, for the range of fluences used, there should not be any

dissociation occuring during the laser pulse because of the finite

dissociation lifetime5a (although dissociation may occur after the

laser pulse is gone, it does not affect our measurement). So we were
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indeed measuring the true laser absorption by the SF6 molecules at

very high levels of excitation. This is different from experiments

done with longer duration pulses where at large (n), there may be

competition due to dissociations, and complications from absorption by

the dissociation products.

One interesting observation is that even at an excitation level as

high an (n) = 20, where all the molecules should be excited to the

quasicontinuum, the differences between the various curves persist.

This implies that the absorption in the QC is not straightly fluence

dependent. To elucidate on the interpretation of the experimental

data, we plotted the 30 psec data together with the 500 psec, 30 nsec

and 100 nsec data of Black et al. 3b ,19 in Fig. 7. Plotted on the

18same figure is also the derived data of Nowak and Lyman, (see

Appendix I). The last curve is a hypothetical case of MPA in SF6

where the absorption cross section of the SF6 molecules follow

exactly the thermally measured value. This is a very useful curve for

comparing with the data obtained using laser pulses, especially in

testing the thermal bath model.

Since we are trying to compare the results of two different

measurements, it is perhaps imperative to note the differences in

experimental conditions and the error limits. The laser pulses used

in the experiments of Black et al. were as well characterized as the

present paper: their 100 nsec pulse was smoothed by the same

technique as described in this paper, the truncated 30 nsec pulses

were obtained by a triggered plasma shutter, and the 500 psec pulses
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were produced also by the process of optical free induction decay.

Their MPA results were obtained by the optoacoustic method.

Reference 3b presented a very thorough discussion on the data

reduction and the correct handling of various corrections. The

procedure used was by fitting the experimental curve with an analytic

function, and then performing the Gaussian beam correction. The

biggest correction came from the high fluence portion of their data

where the accuracy might be complicated by dissociation. However, we

are only interested in fluences below 1 J/cm 2 where there is no

dissociation and the measured result had very little spatial

correction. Therefore there should not be any serious problem in

comparing their results with ours.

The biggest source of error in optoacoustic measurements is the

absolute calibration of the optoacoustic signal to the real average

energy absorbed the molecules. To do so, an energy transmission

measurement has to be performed the same way as described in this

paper. Other than this extra step of calibration, all the data

handling procedures are the same between the present experiment and

that of Black et al.

With these limitations in mind, let us examine the various curves

in Fig. 7. At low fluences and small number of CO2 photons

absorbed, the shorter duration pulses have much larger absorption.

There is almost a two order of magnitude difference in (n) between the

30 psec and the 100 nsec data. This is certainly due to the

bottlenecking effect la of the discrete levels. However, if

absorption in QC is strictly fluence dependent, all the experimental
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curves should merge at high intensities with the thermal curve (e).

From Fig. 7 this is definitely not the case. Instead, the differences

in (n) between the different duration pulses persist up to very high

excitation levels of (n) - 40, and show no resemblence to curve (e) at

all.

The dependence of the energy absorption on the laser intensity in

the QC is more transparent if we plot (n) as a function of the peak

intensity at a fixed energy fluence. Figure 8 presents such a plot at

a fixed fluence of 0.2 J/cm2 . The range of intensities almost vary

by four orders of magnitude. For (n) < 4, the increase in energy

deposition is attributable simply to the bottlenecking effect of the

discrete levels. As the laser intensity is increased, more and more

molecules are coupled to the QC where the stepwise energy absorption

takes place.

Total transition into the QC is estimated to occur at intensities

of 1000 MW/cm 2 by Schulz
21 (Galbraith et al. estimated 40 MW/cm 2

(Ref. 20a)). In this limit, the energy absorbed by the SF6 molecule

should stay constant at a value given by the thermal absorption

measurement if energy fluence scaling holds in the QC. From numerical

integration of the data of NL (Appendix I), the limiting number of

2CO2 photons absorbed by the SF6 molecule at 0.2 J/cm should be

11.5. The expected behavior from energy scaling law is qualitatively

indicated by the dashed line in Fig. 8.30  However, the observed

data do not appear to reach any asymtotic value at all and continue to

increase as the laser intensity is increased. The apparent point of



25

departure from the thermal absorption behavior occurs at

400 M '/cm
2.31

It is interesting to note that the picosecond data points in

Fig. 8 can be fitted by a straight line of slope 1/2. Since the Rabi

frequency is given by

WR = iEIh (8)

where P is the transition dipole moment and E is the electric field of

the laser, the observed result implies that at a fixed laser fluence,

(n) c wR" (9)

The role of the Rabi frequency in the QC has never been emphasized

in previous theoretical treatments of MPA and MPD in polyatomic

molecules.2Oa'b'c The dependence on intensity seems to set in at

about 400 MW/cm 2 . For TEA CO2 laser pulses this intensity

dependence in the QC can be ignored because of the much lower

intensities used. However, for picosecond pulses, the energy fluence

scaling law no longer holds and both the laser intensity and total

fluence determine the interaction of the laser with the molecule.

Actually, energy scaling which comes from Fermi's golden rule

should not be expected to hold for the picosecond pulses. One

condition 22'20c for the golden rule of transition probability to be

valid, which is also required of all other perturbative methods is

that the "area" of the pulse 23 should be much smaller than unity.
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The area of the pulse can be approximated by wRtP where tp is

the pulse duration. In the following, let us estimate the Rabi

frequencies of the pulses employed in the experiment.

In the discrete levels of SF6 where we know the oscillator

strength quite well, we can easily estimate the Rabi precession

frequency which determines the up pumping rate and the power

broadening. For example, for a 0.1 J/cm2, 30 psec pulse,

wR - 33 cm-1. However, in the QC, the oscillator strength is

smeared out due to intermode coupling and intramolecular damping.
24

phenomenologically, we assume that the spread of oscillator strength

is given by 1/rT2 where T2 is the intramolecular relaxation time.

The intramolecular relaxation time has been put within the limits of

30 psec and 0.7 psec recently by Kwok et al. 15 Therefore, the

-1 -spread of the oscillator strength is within 0.3 cm and 14 cm

For the sake of giving a numerical example, let us take T2 to be

1-15 psec so that the oscillator strength is spread over 2 cm- . We

also make the assumption that the oscillator strength in the QC is

simply reduced by the ratio of the laser linewidth and the width of

the oscillator strength spread. Then the Rabi frequency for the same
-1

pulse mentioned above will become 6 cm . Therefore, the area of

the pulse is larger than unity invalidating Fermi's golden rule.

Moreover, wR is comparable to the dephasing time T2 . This

numerical example shows that for the picosecond CO2 pulses at high

intensities, the Rabi frequency is comparable in value to 11T2,

i.e., the up-pumping rate of the system is comparable to or faster
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than the intramolecular relaxation rate. This may be the reason why

we observed an intensity dependent energy absorption.

There is no contradiction between this last conclusion and the

fact that the absorbed energy is completely randomized during the

laser pulse.15 The up-pumping rate wR can be faster than the

dephasing rate 1/T2 while T2 can be shorter than the pulse

duration. Moreover, we note that this occurs because of the very high

laser intensities in the picosecond pulses. Our result does not

necessarily mean that the energy absorption in the QC depends on the

intensity even with ordinary nanosecond TEA CO2 pulses. For those

pulses, energy fluence should dominate over intensity dependent

effects because the intensities are not high enough to overcome the

T intramolecular energy relaxation.

The thermal curve (e) in Fig. 7 represents the case of truly

thermal multiphoton heating. Inasmuch as energy fluence scaling holds

and intramolecular energy transfer is fast enough that only heat bath

excitation 25 is important, all experimental (n) versus fluence

curves should merge with the thermal curve at high intensities. We

have shown above that this is not true for high peak power pulses.

But with a molecule where the discrete level effects are not

important, one should obtain better agreement between laser MPA and

thermal heating. This was actually demonstrated by Cox and

Horsley26 in a complex molecule.

In summary, using picosecond pulses, we have experimentally

demonstrated the case of truly nonthermal excitation of the SF6
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molecule, where the nonthermality does not merely come from

bottlenecking effects. Instead it is due to the coherent nature of

the laser-molecule interaction within the quasicontinuum.

(b) SF, at 650°K

In this experiment, we used the P(28) line of the laser. A fixed

fluence (0.054 J/cm 2 ) truncated pulse of 30 nsec duration was used

to preheat the SF6 molecules as described-in Section IV. A 50 psec

pulse was then used to obtain the (n) versus fluence curve for the hot

molecules using the procedure as described in Section III. In this

experiment, we were not so much interested in the pulse duration

dependence of (n) as the saturation properties of the QC. Therefore,

only one laser pulse duration was used. Since all saturation

phenomena are closely related to the relaxation mechanisms, a study of

the saturation properties of the QC should provide some information on

the intramolecular energy relaxation rate.

Figure 9 presents the measured energy deposition curve using

50 psec pulses with a 38.1 mm focal length germanium lens. A gas

cell of 1 mm thickness containing 30 torr of SF6 was used in this

experiment. The experiment has been repeated several times and also

different focal length lenses were used to make sure the results were

reproducible. The spatial correction as described in Section III has

already been applied in Fig. 9.

From the experimental data, one can also obtain the absorption

cross-section a of the preheated molecule as a function of the
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laser fluence. Combining this curve with Fig. 9, one can then get the

absorption cross-section as a function of internal energy in the

molecule. This is shown in Fig. 10. On the same figure, we also

plotted the thermal absorption data of Nowak and Lyman using a

procedure as described in Appendix I.

From Fig. 10 we notice an initial saturation of absorption at low

picosecond pulse fluences which seems to be universal for all poly-

atomic molecule MPA experiments. However, the absorption cross

section rapidly approaches that of a thermally excited molecule at a

moderate level of excitation of (n) - 8. Unfortunately, the thermally

measured data does not extend beyond 8.5 CO2 photons of internal

energy. However, comparing with a thermal band countour calcula-

27tion, represented as a dashed line in Fig.l0, we can see that at

higher values of (n), the observed absorption cross-section of the

molecule is definitely larger than the value predicted with a thermal

distribution of excitations. This is in agreement with the results

obtained with 300*K SF6 molecules in the previous section. It is

further evidence that the nonthermal behavior of the SF6 molecules

does not come from the initial discrete levels, but rather is a

property of the QC at such high laser intensities. The experimental

values at high (n) have quite big error bars on them because they have

the most experimental uncertainty and also the largest correction factors.

Let us estimate here whether 650"K is hot enough for the molecules

to be considered in the QC. A heuristic definition of the QC is that

~~ ... . .. ... . ... . .
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the power broadening introduced by the laser is sufficient to bring

about an overlap of all the resonant lines of the system or

wR >> 1/p(E) (10)

where p(E) is the density of states of the molecule. This operational

definition of the QC depends on the experimental situation and is

therefore not universally applicable. In particular, it is easily

satisfied by the picosecond pulses because of their large Rabi

precession frequencies and power broadening. For SF6 at 650°K,

p(E) - I0/cm-I. 6(c) The power broadening for the lowest data

point in Fig. 9 is estimated to be -1 cm-1 . Hence the QC condition

is satisfied. However, it is expected that for a thermal distribution

of population at 650°K, there oust be still some molecules trapped in

the initial discrete levels. This presumably is the cause of the

initial saturation of absorption in Fig. 10. To alleviate this

problem and perform a cleaner experiment on the QC, one can either

preheat the molecule with a stronger prepulse, or use a picosecond

pulse for preheating, or use overtone pumping by a strong dye laser.

The thermal curves used in Figs. 7 and 10 should only be regarded

as a reference. Since no simple statistical definition of temperature

exists for a molecule under MPA pumping conditions, it is unfair to

claim that SF6 should behave as if an equilibrium Boltzmann

population distribution has been achieved.
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Figure 10 represents the saturation of absorption in the QC. All

previous measurement of this phenomenon had blended into a great

extent the effects of the discrete level bottleneck. As mentioned

above, the observed absorption can be called "superthermal" because it

is always larger than the thermal absorption at the same internal

energy. Stone and Goodman 28 recently pointed out a new formulation

of the absorption in the QC using a fully coherent interaction

picture. They showed that energy deposition and hence the absorption

cross section can be intensity dependent if the radiative pumping time

scale is comparable to the intramolecular relaxation time. This also

was pointed out by Quack 20c in deriving the master rate equations

from the Schrodinger equation describing the laser-molecule inter-

action. Multiphoton interaction in polyatonic molecules using very

strong laser fields and short pulse durations is characteristically

different from ordinary TEA laser interactions and merits much more

careful investigation, both experimentally and theoretically.

While the observation can be explained qualitatively, a thorough

understanding of the role of intensity is still lacking. Especially

the population distribution and the possible multilevel coherence

still need to be studied and clarified.

Notice that there are two types of dephasing of the coherent state

prepared by the CO2 laser. The T2 type intramolecular relaxation

couples the energy into the heat bath. This dephasing conserves the

energy in the molecule. The other kind of dephasing arises from the
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inhomogeneous broadening of the v3 band. The laser pulse will

excite simultaneously states that are within the linewidth AvL of

the laser. They will beat together incoherently and dephase the

coherence23 in a time llavL which is simply the laser pulse

duration. This type of dephasing is responsible for the adiabatic

decay observed by Kwok et al. Recently Steel et al. 29 observed a

collisionless dephasing of the 2v3 level using degenerate form wave

mixing of 1.8 nsec. Since I nsec pulses were employed, their results

were probably due to the second type of dephasing which has nothing to

do with intramolecular energy relaxation, contrary to the

interpretation by Galbraith et al. 20a
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VII. CONCLUSION

In this paper we have described two measurements of MPA in SF6

using picosecond CO2 laser pulses. We found that for such pulses,

the energy fluence scaling law no longer holds. Instead, a remarkable

intensity dependence was observed. This effect is inherent with the

picosecond pulses because (i) the corresponding intensities and Rabi

frequencies are high, comparable or larger than the intramolecular

relaxation rate of the molecule, and (ii) the transform limited

lifetime broadening of these pulses enables the coupling of more

states in the QC. Thus, the reduced oscillator strength as discussed

by Goodman et al. 24 is no longer very small, as in the case of

ordinary TEA CO2 pulses.

Although energy fluence scaling has played an important role as a

zeroth order approximation in the description of multiphoton

dissociation, the limitations of its validity must be recognized. For

picosecond pulses the Rabi frequency can readily be increased to

levels where the one-photon rate equations for QC absorption have to

be modified by coherent effects. It is also well known that at small

Rabi frequencies bottlenecking effects are important. This occurs for

pulses of 0.1 J/cm 2 or less with deviations of more than one

nanosecond. In both cases intensity dependent effects are observed

which depend on the pulse duration at constant energy fluence.

Although it is difficult to vary the pulse duration at constant

fluence over many orders of magnitude, more experiments on absorption

of picosecond pulses by other molecules are desirable. The
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dissociation probability by a pulse of fixed picosecond duration should

also be measured as a function of intensity. It is believed that

picosecond data can test more precisely various theoretical models of

excitation in the QC regime.

Although it is possible to achieve a nonthermal population

distribution by picosecond pumping, no claim for mode selective

chemistry is made. Energy equipartition will occur rapidly, albeit in

a time longer than the Rabi period. It is believed that molecules can

be excited to energies considerably higher than with longer pulses.

This should be observable as an increase in the internal and kinetic

energies of dissociation products in molecular beam experiments.

One of us (HSK) wishes to thank Professors Y. T. Lee and Y. R.

Shen for helpful discussions. This research was supported by Joint

Services Electronics Program under Contract No. N00014-75-C-0648 and

by ONR under Contract No., N00014-78-C-0531.
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APPENDIX I. THERMAL MPA IN SF6

In this appendix, we explain how the thermal curves in Fig. 7 and

Fig. 10 were obtained from the thermal shock tube measurements of

Nowak and Lyman. 18  They basically measured the small signal

absorption cross section a of an excited SF6 molecule at T°K. Now,

using quantum statistics, it is possible to relate the total internal

energy in the molecule E and the temperature T. The average number of

photons (n) deposited is related to E by

E = E0 (at 300"K) + (n)hw (11)

Therefore, from the NL data of a versus T, we can obtain a curve of o

versus (n) for both the P(20) and P(28) lines of the CO2 laser.

This was the smooth curve in Fig. 10.

The next step involves the reduction of the data to get the (n)

versus fluence J. This is the hypothetical energy deposition curve if

the absorption of the molecule follows the thermal cross-section.

Note that

d(n)a = d- (12)

can be written as

- d(n) = dJ
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Integrating both sides from the initial condition (n) = 0 at J = 0,

gives

() d(n = JCr

0

Since a has already been reduced to be a function of (n), the integral

on the left-hand-side can be rvaluated numerically with the upper

limit as a parameter. Thus one can obtain a curve of (n) versus J as

in Fig. 7.
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31. From the onset of coherent interaction, one can estimate crudely

the magnitude of the dephasing time T2. Assume that

IjeffE/ - 1/T 2 at the onset. As discussed in the text, the

effective transition moment is given by peff = P('vL/A'H)

H
where AvL is the laser linewidth and av = Ii/T2. If

coherent effect starts to compete with intramolecular dephasing

at 400 MW/cm 2 , then the above argument gives T2  6.6 psec,

which is not unreasonable.
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FIGURE CAPTIONS

Fig. 1. The picosecond CO2 laser system. A fast oscilloscope is

used to monitor the zeroth order output of the grating. The

output mirror of the CO2 laser is translatable by a double

differential micrometer for the adjustment of the cavity

length. This procedure guarantees a single longitudinal

mode output at all times. The d.c. spark gap is formed by

two sharp points on a carbonized surface and is placed at

2 ran from the focal point of the plasma shutter.

Fig. 2. Experimentally measured absorption coefficient of the TEA

laser pulse by the hot CO2 molecules as a function of gas

tube pressure. The C02 gas was heated to 700°K. Two

separate regions of Doppler and pressure broadening can

clearly be distinguished.

Fig. 3. Experimental setup for the measurement of the transmission

of the picosecond CO2 laser pulse as a function of pulse

intensity. A second preheating truncated pulse channel is

also shown. The Ge:Au detector was placed inside a copper

box for shielding from electromagnetic noise.

Fig. 4. SF6 absorption cross-section at P(20) under collisional

laser excitation. 30 nsec long truncated CO2 laser pulse

was used.
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Fig. 5. A measurement of the absorption cross-section at P(28)

showing the achievement of thermal heating of the SF6

molecules by collisional multiphoton absorption. Experiment

was done with a truncated pulse, followed by a picosecond

probe pulse with 32 nsec time delay.

Fig. 6. Energy deposition (n) as a function of the laser fluence for

four different picosecond pulse durations. As explained in

the text, no dissociation can occur during the pulse

interaction even at (n) > 40.

Fig. 7. Energy deposition curves (n> at P(20) for various pulse

conditions (a) 30 psec date from this experiment, (b) 500

psec data from Ref. 19, (c) 30 nsec data from Ref. 19, (d)

100 nsec data from Ref. 19, (e) derived thermal absorption

data from Ref. 18.

Fig. 8. Energy absorbed by the SF6 molecule as a function of pulse

intensities at a fixed energy fluence of 0.2 J/cm2 . The

dashed line indicates the expected behavior if energy

absorption in the QC depends only on pulse fluence. The

asymtotic value of (n) is obtained from Nowak and Lyman's

data (Ref. 18).

Fig. 9. Energy deposition (n) as a function of pulse fluence.

50 psec P(28) CO2 laser pulses were used. SF6 cell

pressure was 30 torr and preheated to 650< before the

picQsecond pulse arrived.
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Fig. 10. Absorption cross section a as a function of internal energy

of the SF6 molecules at the p(28) line of the CO2

laser. Data became more inaccurate at high energies. Solid

curve shows the thermal data from Ref. 18, dotted line is

the theoretical calculation from Ref. 26.



-44-

DETECTOR

FOR MONITORING

HYBRID
TEA LASER

HOT
CO2

CELL

KH.V. PULSED.C. SPARKGENERATOR

DETECTOR

- -- SPATIAL FILTER

Figure 1



-45-

10-

ait

1 I PRESSURE (tor;)

Figure 2



-46-

TO S F6 -- TO PUMP

Figure 3



-47-

SMOOTH CURVE: NOWAK 8 LYMAN
SHOCK TUBE DATA

x x 50 TORR
1-7 0 30 TORR

10 x 0 20 TORR
- 15 TORR

o x A 5 TORR

CI
() 0
z 0 x

0
b 0

z00 o
0

w 1 0

0, 0

z
0

P (20)

o"I I I ... ! J I I I I I I I
0 1 2 5 4 5 6 7 8 9 10 ]1 12 13 14

PHOTONS ABSORBED

Figure 4



-48-

OF---

I- -

040

00 QZi
0 0w

o 0n

o 0
0 Ct0

inL L

00

0 H
00

00

I- s l 14

0T
10 10 0

*0O O03 S8 Wi OB



-47-

SMOOTH CURVE: NOWAK 8 LYMIAN
SHOCK TUBE DATA

x x 50 TORR
0 30 TORR
0 20 TORR
0 15 TORR

0 X A 5 TORR

0
Z 0 X

b 0

z 0
0 0

w N

U)

0

co J6

COS

0 9 1 11 51
PHTNAASRE

Fiur



-48-

0o

o 0
0 cW

0 0
0 V)

mt Ln

(0

Ct)

00
0I

00

10 0
NO03 SOO ~idO0J



-49-

1001 1 l r -- I I I IIII 1 - - l

9 0 psec

I0

0.001 0.01 0.11
FLUENCE ( J/cm')

Figure 6



-50-

100 1 -r-r-r111

AIl

(b)

(d)

0.1 iJfllI

0.001 0.01 0.1
FLUEI'CE (1/cm')

Figure 7



I

cc CO

C00

14 C. z

cm Wo

< uE>

...........-



-52-

100

0

I00

0.001 0.01 0.1
FLUENCE (J/cm2 )

Figure 9



-53-

10 -10

10,190

0 1020 3

<n

Figure 1



Appendix 2

Volume 68, number 1 CHEMICAL PHYSICS LETTERS I December 1979

MULTIPHOTON VIBRATIONAL PUMPING OF OPTICALLY PREPARED NO2 MOLECULES

Itamar BURAK *, Jeffrey TSAO, Yehiam PRIOR t and Eli YABLONOVITCH
Gordon McKay Laboratory. Harvard Unusersitv. Cambridge, Massachusetts 02138, USA

Received 6 September 1979

Reported is the collisionless infrarred multiphoton excitation of NO%2 molecules initially prepared in an electronically
excited state. From the shape of the infrared induced blue-shifted fluorescence spectrum the probability distribution Pin)
for the net absorption of n photons has been deduced.

The shape of the probability distribution function o .0
P(n) for it-photon infrared excitation of molecules 0. n ,. p.m
has been the subject of lively discussion in the liter- N ,, . .,

ature 1 1-31. In this work, we report the observation F 1
of infrared multiphoton vibrational excitation of a t''
molecule initially prepared in an electronically ex-
cited state. By monitoring the transient visible fluo- mixed a
rescence spectrum, we determined the energy dis- vibronic
tribution function produced by collisionless infrared monifOld
multiphotc:, pumping.

Vibrat;onal excitation of an electronically excited
molecule has been reported earlier [4] for the 3An
state of biacetyl. That excitation involved a collision-
al energy exchange between vibrationally excited
ground state molecules and optically prepared tri-
plet molecules. The present experiment involves single
photon optical excitation of NO, molecules from the IFWC' es '

2A1 ground state to high levels of the strongly mixed
2 B2 - 2A1 vibronic manifold, followed by direct in-
frared multiphoton pumping with a very short CO, (b)
laser pulse. This work was prompted by an earlier Fig. I. (a) Schematic of the experimental arrangement. (b)
report [51 , in which weak double resonance signals Schematic diagram of pumped energy levels.
were observed in NO, molecules exposed simultane-
ously to cw Ar+ and CO2 laser beams. A gas cell of NO 2 at a pressure : 250 mTorr is sub-

The experimental arrangement is shown in fig. Ia. jected to a 0.5 ns CO 2 laser pulse and an antiparallel
10 ns dye laser pulse which overlaps the central uni-

Supported by Office of Naval Research. form intensity region of the infrared beam. The de-* S u p ort d b O ff ce f N a al esea ch .lay b etw een the tw o pulses can be adju sted fro m
On leave from the Department of Chemistry, Tel Aviv 0-3 bts th a 30ln s jte Te fluscen puls
University, Israel. 0-30 is with a 30 ns jitter. The fluorescence pulse

S Permanent address: Department of Chemical Physics. The from the excited NO2 molecules is imaged onto a
Welzmann Institute, Rehovot, Israel. photomultiplier tube through narrow bandpass filters
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and recorded on a dual-beam oscilloscope. Fig. lb o--

illustrates the energy levels participating in the ex-
perinent.

A typical series of fluorescence signals generated
by the CO2 laser followsing dye laser excitation is VOLTS

shown in fig. 2. A small portion of the scattered vis-
ible laser pulse leaked through the narrow band filter
and was recorded at the left edge of the lower trace.
The fluorescence pulse in the lower trace occurs at 0.0

the instant of the delayed CO2 pulse which is on tile
upper trace of fig. 2. As can be seen tie amplitude
of the generated fluorescence decreases at a charac-
teristic rate 4 as the delay between the two pulses
increases. No signals are obtained when the infrared
pulse precedes the visible pulse. While ordinary visible
excitation leads only to Stokes-shifted fluorescence,
CO2 laser induced signals are detected at frequencies _ _ _ _ .
blue-shifted with respect to the dye laser frequency W 20 480 4Go 4o 420

'o. The spectral width of the induced fluorescence . ,
depends on both the CO-, laser's energy fluence and Fig. 3. Dots: ordinary fluorescence spectrum excited b% dye

- laser at 502 nm. Crosses: prompt spectrum induced by CO 2
intensity. Fluorescence signals have been recorded at laser following dye laser excitation.
frequencies blue-shifted from oo by energies up to
5 times the CO2 photon energy. Tile induced fluores- decay can be summarized as follows:
cence spectrum is shown in fig. 3. (a) The fluorescence decay tithes measured at pres-

The relaxation features exhibited by the multi sures exceeding 100 mTorr scale inversely with the
photon induced amplitude and fluorescence decays pressure.
are comparable with the decays of ordinary fluores- (b) These decay times depend strongly on the ob-
cence signals. Our study of the ordinary fluorescence servation frequency w.. When fluorescence is studied

near the excitation frequency (oo - cw 500 c-) I)
a quenching rate k0 - 5.5 X 106 s-1 Torr- 1 is recas-

t,, ured for excitation wavelengths between 400 nin and
500 nm. As the observation frequency is shifted fur-

-- ther to the red, the decay rate decreases. For exam.
pie, a quenching rate k 13 X 106 - Torr- I is

.__.__________, __ observed for 540 nm emission while exciting at 421
tb) rim.

The decay of fluorescence observed at frequencies
near GoO represents the collisional relaxation of the
sharp vibronic distribution prepared by the optical

(C) "pulse into lower vibronic levels. The longer decay
times observed at red-shifted frequencies are due to
the larger number of successive vibrational decays
required to deactivate the molecules. Fluorescence

a ' I is observed as long as the collisionally relaxed NO,
molecule remains inl thle energy region between htw

Fig. 2. Upper trace: infrared laser. Lower trace: induced fluo- mo ec ay rte reporedin tw w
rescence signal at 470 nm following dye laser excitation at and hwo . The decay rates reported in this work are
502 nm. Delays are (a) 250 ns, (b) 500 ns, (c) 750 ns. Time similar to those reported and explained by Donnelly
scale 500 ns/division. et a]. [6].
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The decay rates exhibited by the blue-shifted CO, matrix elements Am,1  A(w,,, .E). The matrix o coef.

induced fluorescence signals also scale with pressure. ficients Amn can be measured one column at a ti::te by
The measured decay rates vary between 0.6 k0 and perfdrming the following auxiliary experiment usunz on-
k0, with the latter value obtained at low CO- laser ly visible light: A dye laser is tuned to photon ener,.
fluences. The increase of lifetime with fluence is re- E, and its absorbed energy is measured. This deter-
lated to increased population in levels which require mines a population P(E.). This population alo!12
successive collisional events for complete deactiva- with the vector of fluorescence signals observed un-
tion. The amplitude versus delay relaxation measure- der this condition determines a column of the ratrix
ments exhibit the same features. While the fluores- Amn. Repeating this procedure for different F.. Je-
cence decay monitors emission from multiphoton ex- termines the full matrix. With a knowledge of the
cited molecules with energy > hw the amplitude de- elements AmI the matrix can be inverted to give
cay monitors the population of NO, molecules still
capable of being excited by a multiphoton process P(E n) = (2(An)- F((Om))
to an energy > hco. Typical values for k() of 0.65 k0
and 0.95 k0 were obtained for the amplitude decay If the fluorescence spectrum is known in sufficient
when the observation frequency corresponded to detail the populations producing it can be calcuLted
blue-shifts of one and two CO, photons, respectively, from (2). As a matter of choice, the observation fre-

A comparison of the shape of the prompt (< 30 ns quencies were selected from the formula:
delay) collisionless infrared induced spectrum with
the ordinary fluorescence spectrum permits us to ex- m 0  mw 1 - 500 cn
tract the absolute probability P(n) for an n-photon Fig. 4 shows the population distribution resulting
absorption event. The distribution function P(n) may from the multiphoton infrared excitation of NO,
also be regarded as an energy distribution function molecules optically prepared by 502 nm dye laser
and written as P(En = P(hwo0 + nhw I ), where P(En) pulses. The CO 2 laser depletes the zeroth level 3nd

is the probability of occupation of that group of lev- produces a falling distribution on the high energy
els with energy near l- = hw 0 + pilnwoI and h1wI is the side. Due to the small changes in the ordinary Stokes-
photon energy of the infrared laser. In what follows,
we make the important assumption that the prompt (

fluorescence spectrum depends only upon the popu- NO
lations P(En) and not upon the method of producing Ptn) 0.11those populations. Then, o"

F(w) = n A (w, ,,) P(En) (1) 001n: -

where F(w) is the prompt fluorescence signal ob-
served at frequency w, and A(w, En) is the fluores- (C 1d)

cence spectrum produced by a population in that
group of energy levels near En .In general, n = 0, ±-1,
±2,... corresponding both to emission and absorption
of infrared photons. In practice, only a finite group 0 f0
of levels have non-zero population and only a finite
number of fluorescence observation frequencies [
were monitored. Then eq. (1) can be rewritten: IW 2

0 1 2 3 4 5 0 1 2 3 4 5
Number of CO0 Cuanto Absorbed

F(wOm) = )" A(Wm ,n)P(En)' Fig. 4. tistograms of probability P(n) for the net absorvtion

of n photons. (a) 0.5 J/cm2 , (b) 0.3 J/cm2 , (c) 0.2 J,'cm2,
which is in the form of a vector equation with (d) 0.1 J/cm2 .
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shifted fluorescenice signals, thle popuilations at enct- In spite of tilc rather moderate denlsity. of states.,
giCs leSS 111 than , l 0 Could not1 be determined. PrCS1,IU1- a stochastic rate equation approach 101 J na Jesrhe

ably a rather symmnetrical distribution falling off at tile teiporal evolution of thle populatioti iP(1 I.f1 so,
lower energies is established. tile evolution can bc regarded as a random ',s alk along

This procedure for deterinining 11(n) is subject to ft2 energy axis withi steps of one photon each.
the very strong assumplition that thle fluorescence
spectrumn front levels near I is tltc samne whether We wish to tlhank professor F. Kaufman for mnaking
prodluced by single photon or inultiphioton excitation, available a preprint of his work and JerrN G, Black
Obviously, thle selection rules and the precise levels for assisting with the comp~uter calculations.
popuilated miay be quite different for the two pro-
cesses. Nevertheless, the fluorescence spectrumi is
hardly affected by this difference due to averaging References
caused by the I A bandwidthi of' the dye laser and thle
50 A bandwidth of the fluorescence f-ilters. If the dif- ItII E.R. Grant. P.A. Schultz,. MiS. Sudbo, Y.R. She-n and
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Observa-tion of direct infrared multiphoton pumping of the
triplet manifold of biacetyl
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Itamar Burak
Gordon Mckay Lat'cnory and D.'panmen: o/Che~mistry. Ti) ,4siV U,ifvris.. Tel Aviv. Israel

(Rece~ved 20 February 1980, accepted 14 Mtay 1980)

Die collisionless multiphoton (NIP) excitation of the triplet s'ibronic manifold of biacetyl is reported.
Follow~ing a dye laser pulse shich Frepares some of. the biacetvi moliecules in t~c trip]Lt metasiable state, the
system is irradiated by an intense 20 ns.9 6,u CO, pulse. -he CO: radiation induces fast quenching of the
phosphorescence etrission front the 'A. excited molecules. It also induces an emission signal in the
fluorescence spectral region of biacetyi. This signal is related to nteesystem electronic relaxation tIER) from
excitedi triplet %ibronic levels into ivocnergictw singlet 'A. s-broiiic irecs. Analysis of the induced
luminescence signals prossl..es informnation' on the colisionle-is J.MP prompted vibrational distribution.
Excituton with 10.41 CO: pulses !eids to the simultaneous NIP pumping4 of both the ground and triplet
manifolds. The g.-ncration of blue emission sials in tnis experimnent bears a close resemblance to recent
obser*2tions of prompt lismble emission due to NIP pumping of ground state molecules. General expres'sions
for the emission intensities are derived with wa special emphasis o-i the sp*-cific features of MP'vibraitional
distributions. Trhe detectsability of NIP induced emission sign~als is discussed.

1. INTRODUCTION (This value should be compared with the radiative life-

The collisiorless, irnfrared.multiphoton excitation of time of 12 msec.')
ground state polyatoniic molecules has been the subject Then, irradiation of the optically excited biacetyl sama-
of many recent investigations. The diagnostics for the pie with an intense infrared CO, laser p,-Ise leads to the
multiphoton process have been: excitation of the triplet vibrational manitld. This exci-

(a) Optoa' %stlic absorption metsurements' followed tation is characterized by a prcnipt burst of bbie Ilu'o-
by te dter--n naionof he aerae nmbe ofphoons rescence, and a fast partial quenching of zhe green nh~os-

abyothed peer-nr~ion of e a-rtenn.bro htn phorescence emission. These effects, first observc-d

2 by Burak, Quelly, and Stenfel& (DQS), have been in-
Wb Observation of asultiphoton induced chemistry; terpreted as follows. Due to the intramolecular scram-

(c Obser%-ation of infrared induced emission from bling of the 'A. and 'A. zeroth order Born -0;):: rhei mer
theexc t oecule3 '4 or from excited reaction prod- vibrational manifolds, a new vibronic manifoid is

thucited formed. The vibronic levels of this manifold are de-
scried s a ixtre o siglet and triplet vibrc..ic states

Infrared asultiphcoton excitation of t*k excited elec- and consequently carry oscillator strenfgth for emission
troric stater, nowever, is still a new research area. in both the fluorescence and phosphorescence spectral
In this case, c.ian-es in the luminescence a-re expected regions. The observed blue fluorescence signal is due
to be inducel byt the vibrational excitation. and thus a to the CO, laser induced accessibility of vibronic lev.els
powerful new dia~znostic is added to the investigation of
the infrared miltip'hoton processes. For example, the
collisionless niultij.!hton purnpin., of '.Aectronicall. ex-
cited NO, molccules has recently beetn reported,' in *,monifold

which in anniv sis of the induced chances in the emission I manifold Trip:et manifold

spectra pro. id ?d an estimation for the si-photon absorp- GroundI /
Lon probabiity FWn.

In this work we report the direct infrared excitation Confinuur' -

of the triple, s-ate! of biacetyl. First, a dye !-iser pulse 4 2 0
pumps the ,rci~rd state into the fIrteitdsnlt20c
state (see Ft-,. 1). from which intramolecular couplinss

* c~~uetween the vitiro-iji manifc~ds of the IA n l:
ir'stii state:; an~d colision-indced v,brational relaxation n*lead to the t7-1prir,4 nf sorie of the excited molecules in Pheliphoruacene.

the nietastaile triplet state. :This state is character-
* ized bv a rgr-e phosphorescence which orit-inates fronm

a weakly all-wed radintive transittton to the ground state. Ii
Its decay is da3r".i,._tcd by a radiatiotiess transition to A
the 'A, rr':, I statu, and at roonm temperature is 1. 7 FIG. 1. A schematic diagram of the vlbronic maniflso

MS s nca icdfrom tho phosphorescence lifetime.$ blacetyl.



pith vibrational energyv exceedinz the singzlet -triplet AST (1)rv P

eparatiozi encrgy, and therelore with oartly singilet
haracter. Thec fast drop in the phos phorescenrce mien- * the enntt triplet interac enst iogn energy an c;'
Miy induced bv the CO, laser is due to the in.-rease, w*ith thmentiltibocdcst. ignaiainfte

* jbratlonal energy, in'the radiationiless transition rate molecular Hlamiltonian of this set leads to tht' formnat:on

*o the ground state. The de pendence ci tlhis radliation- of new wave functions which are admixtures of tleSo

tess transition rate )CE) on F_ has been measured by Van statte with the interacting,, set of triplet vibronic 1cve!s.

ier Werf and Kornmaodeur. Consequently the A rc,,ion is divided into "blac'e ide"
and "contaminated" su'hrezions. The contarmnatel suo-

The previous experiments by BQS' involved mainly regions consist of mixed vibronic levels, and are con-
the irndirect *.brational excitation of the trivlet manifold. finied to strips of width :,, around the vibrational envrgy
They used 1). 6 p CO. laser radiation which preferen- E,1 of the singlet states 'Si). The black hole su .:j-c 4 1oris
tially excited the ground rather than the triplet edcc- consist of pure triplet vibroiiic levels, and lie be-tween
tronic btate. The hA~ 1A, inolecules then acted as a heat the contaminated subrg ions. Region L; is characterized
bath for the -herinaiizaticrn of thcse mnolecules in the by overlapping sinclet :'bronic levels. Morepril.
triplet state, th~reby increasing1 the observed phospho- reglon R starts at vibrational energies where thie :.on:o-
reseence decay rate. The presnrt work, using- both geneous widths of the stnlet vibronic lev.els : S, exceed

9. 6'p, which preferentially excites the triplet over the P' 1 the mean separation between adjacent sirrzl-et levels.
ground electronic state, and 10. 6 pi Col laser radiation. All states in region B are therefore contaminated with
presents cviuoence for the direct multiphoton pumping of one or more zero order sin-let states.
the triplet szzate. In order to detect an initial nonther- Eahlvl1)ite ,conizdmifdhsawdh
mal vibrational distribution, the EQS ex:-perimnt hasEahlvli)ntedaonied aifdhsa ih
been modified. Better time resolution was achieved by )-,(E) which is the sumr of a radiati ve widt h and a

rnonradiative width ),r due to iirreversile decay in~to the
shortening the width of the CO, laser pulse froim 100 to durnse ground state vibronic manifold. Since the norara-
30 nsec. The ue of a. more inte.-Le, puised dvc laser diative width dominates over the whcle .'mannold.
instead of a ow; argon ion. laser provided detec-'13ble vlsi- (E ). eltosbten adteerorr

bI.~~ig .~romlowpresurebiaetv saple. Tus, singlet and triplet lcevel widths -y, and -,,, have been de-
the lowest rpresst.re in the present experiment was 50 iefothtorgos. IrgonA
mTorr, while in the formr r experiment it was 5Torr.
A detailed ifescription of the expe-r imentai systemn is AOs0(E - EjY,(E,)
contained in Sec. III. A sumnmary of the thieoretical vA E)v CE() + A()(2)

backrourid irvolving the straccmre of the mi-xed singIlet- The singlet character of the level E, is diluted by the
triplet vibritional manifold is uresernted in Sec. II. The menubr Aoifeacrgtiptvbrncels

experimentil results are summarized and discussed in where
Secs. IV ar! 11, respectively. In tha last section our
results wilP be generalized to the case of li-rht vmission N,(E)=Asrp,(E) .(2a)

due to multiphoton pumping to vibrational levels i:3oen- O(E - Es) is a step function defined as
ergetic with the vibronic manifold off an opiically active
excited ele-,ronic state. This case inclucdes the recently . 24T s2 I
observed CO, induced emisrion fromr CrO-CI 3 and
F2CO.' TIhe theoretical asryzcts of these inverse elec- ~ EE 1 0 elsewhere (b
tronic relaxation (ICR) phenomena have been discussed In region B:
by Jortner and Nitzan. 10,11 In Sec. VI the IER theory
will be used to provide somre criteria for the experimen- Vy'(E) =Y 7(E) + Y, (E)(3
ta detectability of IER induced emission. NakE)'

where N,(E) is given by
11. THEORETICAL AND EXPERIMENTAL r)
BACKG ROUND NB(E) = _(E) (3a)

ps(E)
The phot:o hvsics of biacetvl has beeon discussed in de- The emission, due to the presence of zero order sir, :set-

tall elsewoero. '~The intranioilecular interactions be- triplet oscillator strengths in the contnninatcd I
twen the 7.e-o order Borni-Oppenheiimer sinalet and levels, will be in both the fluorescence and phosphoeres-
triplet vit-ronic lf.vels lead to tie formation of a sinigle -cence spectral regions, and will have of course tL~e same
manifold; the 1)) levels of this mranifolr! are mixtures of decay rate in both spectral regions.
the zero order singlet and triplect stateos. It is conve-
nient to d vidle 1o 1 171n'fuld into vi!bratioaial energy These decay rates have been measuredl in cxtocri:r.erits
regions f% and Pt. Ro. ,ion A i charactrized by a low carrIedl Out by Van der Worf and Korrna icur. ' it-,~:

density oi zero order sirwe't vibronic letl.It il)cludej expcrini-nits. a 6ye laser was used to o;ptioallv pre. e
the pure iinmi-#ed triplet vibronic states with vibratioval a state characterized by a zcro order sjii-et vibroiiic
energy bclow F,,, the singlIet triplet septaration energy. 4-ve function ISO). This ISO) state is a superposition of
Above 1:I each Finglet vibronic le~el ISO interacts with 1j) cigenstates
a set of tciilct vibronic levels confined to a width -%IT~I(4

$round Es,, where 1()=jo-:jj 4
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I 4't))=C~ex(-iEt/h en-~/)j Drf th an us, rain novresepama n

tlilso ~ 5 ail m ther geeraefoma10npue thalg

1. deca of tchemiceamcfte expisiiontoalyistiTeap.ftetuca~ us s hw nFg

Letermined ~ ~ ~ ~ ~ ~ ~ ~ ~ o bthquniy15 2Lhmneta.3 ,the rein pulse isg thn ampfede pm, andse

iare shown that this decay can be expressed as a sum of by a 10 m radius of curvature mirror to a 3 mm spot .
!oherent and incoherent contributions, approximated by diameter into the luminescence cell. The overlap) cross
; biexponenti-ii decay. The fazt component is due to the section between the two laser pulses was therefore con-
lephasing of -he initially prepared superposition, wnile fined to the central, more uniform part of the CO. beam.
he long component is a superposition of the independent A MgF2 flat served the dual purpose of diverting part of
lecays of the excited j levels, and tho refore described the* CO. beam to a photon drag detector. and preventing
iy the mean decay rates in Eqs. (2) and (3). The de- damage to the dye laser's glass optics.
)endence of tiese y(E) on vibrational energy was then
letermined b! measuring the long component of the fluo- The induced luminescence was monitored perperndicu-

-escnceundr colisonlss cndiico. an fond o ~ lar to the excitation beam using either a Hamamnatsu
trease steadily with vibrational energy.R72ornEM965Bptouipertb, eeig

on the Epectral region, in conjunction with approprate
11. EXPERIMENTAL interference filters. If the signals were weak, theyI

were first passed through an 8 ns FWHM. izain of 50
A schematic uia-.ram, of the experimental system is homebuilt amplifier (conisistingr of an L1.7 _2 video am-

ihown-in Fig--. 2. Binacetvl (purchased from Aldrich plifier and an Llt033 buffer) before beirtg recorled by, a
'hemical Coiidnv 99% purit;) was, after freeze- Blomation 8100 Waveform Recorder. The total sy;stem
3urnp-thaw distillations, transferred to a 5 cm diam. response time was, including laser jitter. 80 ns FIWIfM.
19 cm lon.gT Pyrtix luminescence cell with NaCI windows After each shot, the data stored in the Biomatinn was
at each end. The cell was irradiated in one directicn by read into a home-assembled Digitial Equipmnirt Corpora-
.0 vs, 20 ;J dye laser pulses whose pump source was a
'requency do-iled. Q-switched ruby laser. The wave-
.engths used were ir the rance of 405--450 nmn. and the '

'ocused spot cdizmlater was I mm. Counterpronagating -... A LK
hrough the cell in the other direction was a 20 ns, 0. 6ft
J, "truncateo." CO: laser pulse. The tine interval be------
:ween the two pulses was adiu.stable up to a jitter of 60 . -- .-

mr determined 1-y the firing of the CO, laser.---- t -

The C02 Use,- pulse was derived from a TachLsto 215 .2 __

3icillator-pl,-sTna shuttrcr-Lunronics TEA 103-1 ampil- > I
'icr system. For a +3ta-led description of tie laser- L I
system, see Ref. 14. Tho oscillator output was, via a- ------------ _

LInch focal lIt gth gc'rmniiuzn lens, brough oafcu - K
lext to an al'iminun, block onto which a small fraction 40 s0 120 160

31 the pulse wasa diverted. The UV radiation caused by .* e
i Spark on the aluminum block was sufficient to pro- F1M. 3. The truncated Col pulse. Time scale 20 ni/div.



tion LSI-1i microcomputer, and averaged with previous
shots.

IV. RESULTS COltPulse

In this section, the infrared laser Induced changes in
the characteristic luminescence from the triplet mani-
told of biacetyl will be described. Biacetyl samples
were excitect with a pulsed dye laser tunwt to 405 nm, ¢

and a CO 2 lase- fired at a controlled delay following the c
excitation by the optical pulse. Luminescence was ob- "• ' I i I
served in two spectral regions. A narrow band filter
centered at 470 nm was used to monitor the blue spec-
tral region; these signals will henceforth be referred to
as the fluorc-scene signals. A longpass filter with a

cutoff at 500 nrn was used to monitor the phosphores- Z
cence; these signals will henceforth be ieferred to as the -$On$
phosphorescence signals.

Figure 4 shows the infrared absorption spectrum of
biacetyl between 900 and 1200 cm "1 . One of the absorp- .
tion peaks overlaps the CO 2 10.6 A. P branch, but none
overlap the 9. 6 p P branch. The CO, laser was tuned
to the P(20) transitions of both the 9. 6 and 10. 6 / bands.

0 2 4 6 8 to

A. 9.6 p excitation "csec
FIG. 5. 9.6 /A Induced emission signals. Upper (a) and boitom

The effects of the 9.6 p CO, radiation on tde phospho- (6) traces correspond to the phosphorescence and fluorescence
rescence signal are exhibited in Fig. 5(a). The optical emission signals, respectively. I:)* zero time corresponds
pulse induces a phosphorescence Fignal. In the absence to the optical excitation, by the dye laser pulse. The intrcouc-

of CO 2 radiation, the phosphorescence decays rapidly tito of the IR pulse is indicated by an arrow.
(on a ps scale) to a quasistationary valve, after which
it decays slowly with a characteristic lifetime of 1.7

msec. When the phosphoreLccnce intensity attains its cay of the phosphorescence signal from a value to to a
quasistationary value, the CO2 laser is fired. Exposure value I on a time scale much shorter than the charac-
of the excited system to CO2 radiationi induces a fast de- teristic decay time of the unperturbed phosphorescence.

Two main decay components are identified: a fast, pres-
sure independent component with a decay rate greater
than I0 see"t , and a slower component, the lifetime of

I I which varies inversely with pressure. Attenuation of te
CO2 pulse results in a smaller drop in the phosphores-
cence intensity. In order to characterize the drop quan-
Mtiavely, a yield YD,,.is defined as

YD=I - (/0) • (6)

The drop yield corresponding to a CO2 fluence of 4.0 J/

cm2 Is 0. 7. Attenuation of the CO. pulse by a factor of

two reduces the drop to 0. 15, and leads also to the dis-
o appearance of the fast component. A lower value is ob-
Z
4< tned for the drop yield if it Is confined to the fast corn-

ponent; a fast drop yield Yf is defined through

0

where I is the phosphorescence Intensity following the
fast decay. Thus a value of 0.4 is obtained for Y at
a fluence of 4.0 J/cm". The fast drop yield is increased
if the delay time between the optical and the CO, pulse is
decreased. Figire 6 shows the fast drop yiced as a fnac-

0 tlon of the delay brtween the two pulses. s the dcla
10.6j, P(20) P:'(209.6/ is Increasel, Y1

0 decreases exponentially toward a

steady value, at a rate which increases linearly with

900 1 0 1100 100 pressure, and with a value of 3.3x104 s " Torr " .
cm-' The induced fluorescence signal [Fig. 5(b)1 is charac-

FIG. 4. MI absorbance spectrum of btacctyl. terized by an instantaneous, pressure independent rise
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FIG. 6. Y, vs the delay between the visible and lR pulses for .
variet 3 pressures of biacetyl. * 150 mTorr, a 250 mTorr.

500 mTorr.

time, and a decay similar to that observed for the in- 0 4 8 12 6 20 24 26 32
duced phosphorescence signal. The decay times of the ,sec
long comporents of the fluorescence and phosphores- FIG. 8. 10.6 1 induced fluorescence signals from 1 Torr biac
cence signal exhibit the same Pr relations. A plot of biacetyl sample. The upper trace is pronited by 5.0 JPc.' -

r't vs pressure is shown in Fig. 7; a value of 4x10 6  CO2 pulse. The lower trace is induced by 2.5 J/cm" CO2 pulse.
S'1 Torr t Ls oLtained for the collisional decay rate.

B. 10.6 u induced signals V. DISCUSSION

Similar to the 9. 6 A case, irradiation with 10.6 A CO2  The induced fluorescence and phosphorescerce signals
pulses results in a prompt induced fluorescence and a reported in the last sections indicate a vibrational ex-
phosphorescence quenching. The rise time of the fluo- citation with;n the triplet manifold. The abscr.ce of
rescence s:gnal is instantaneous and pressure indepen- pressure effects on the rise time of the indtced flucre3-
dent. The decays of the 10.6 p induced signals, how- cence signals excludes collisional causes; moreover,
ever, are characterized by the appearance of a new com- the short, 30 ns width of the C02 pulse ensures a colli-
ponent whose lifetime depends strongly on the CO, laser sionless excitation process. Since the triplet-sin_ lt
fluence. Figure 8 shows two typical iluorescence sig- electronic separation energy is 21C0 cm " , the genera-
rals, corresponding to hizh and low fluence. The signals tion of a blue fluorescence signal sets a lower limit to
are characterized by an initial spike followed by a longer the accessed vibrational enerry of two CO. phctc::.
decay component whose lifetime decreases as the fluence As a result of the collisionless mu.tiphoton process a
Increases. The phosphorescence has the same longer nonthermal distribution is established w.ithin the triplet
decay component behavior as the fluorescence, but lacks manifold. Subsequent charges in the populations of t!.:e
the fast initial decay seen in the 9. 6 ;. case. initially excited vibronic levels are controlled by two

mechanisms:

6 1. An intramolecular conversion Into the ground elec-
tronic state depletes the population of the excited ele-
tronically state. If n(E) is the population densitv of
triplet molecules with vibrational energy E, the dep!e-

4 tion rate of this level is given by

~ .7 (E) = - y(E),(E). (8)
3

Z "Tho Intramolecular dcpletion of the total number cf elec-
2 tronically excited molecules N r is given by

I--0" = -f,(E),,(E)dE. E

dt
I I 2. Vibrational relaxation processes C"?e to collieions

0.2 0.4 0.6 0.8 1.0 with grourd state molee-iles lead to vibrational enert'y
P forr redistribution. Ultimately. equilibratic n between the

FIG. 7. Qu,.rching rates of the slow component of the 9.6 0 vibrational temperatures of the rrouiAd and triplet elec-
Induced fluot ,i :ence signal vs the pressure of the biacetyl. trorlc states is established.



The fast, pressure indepiirdent component of the 9.6 limited to times lorger than 300 is, we extrapolated

,4 induced ei,is;.inn sign:-ls ! due to the intra:nolecul.r y(E) using the following approximation1:

decay of mclecules excited to high vibrational levels, ,(E)=A c"'+ C (12)
where radiaticnless transitions to the ground state are
extremely last. If k is the collisional relaxation rate of where A =300 s-1, B= 1.26xlO3 cm, and C =82 s't.)
molecules excited to vibrational encrg-v E, then the fast

component oriir.ates from molecules whose vibrational Information concerning the 10. 6 A direct MP vibra-
tional excitation is limited due to the appearance of aenergy exceeds E,, where Et is defined by
thermal component. The dependence of the decay time

y(E,)=k (10) of this component on the fluence of the CO, laser has
been extensively explored and accounted for by BurakThe pressure controlled component of the 9,.6 p in-

duced emission signals is due to emission from vibronic et al.$ The ground electronic state of biacetyl stronzly

levels whose intramolecular decay time is comparable absorbs the 10. 6 M radiation; the average number of pho-

to or longer than the thermalization time r,. The latter tons absorbed per molecule (n) determines the rapidly

eneeded to colisionally established temperature of the ground state vibrationalquantity is the characteristic time manifoldo olthroughl manifold through
relax the vibrational excitation to a room- temperature

vibrational distribution. In addition, the dependence of (n) - hvue 2 = (E + p(E)E e " T dE/

yF on the delay between the dye and CO. laser pulses is
also due to cc'liiional relaxation. The optical laser rl

pulse prepares a narrow distribution of triplet molecules f p(E) "(13)

around the vibrational energy E. When the C0 2 pulse is

applied, the optically prepared excited molecules are where E 0 is the mean energy of unexcited biacetyl mole-
pumped to vibrational energy regions where the intra- cules. Since biacetyl molecules in the ground state con-

molecular cecay process dominates. The almost unity stitute the major component in the triplet-ground state

value of Yf fct Zero delay times indicates that all the mixture, they may be regarded as a heat bath. W'hen a

optically prepared molecules have been pumped by the thermal quasiequilibrium between the two vibronic mani-

CO 2 pulse to tt.e fast decaying ener., region. As the folds is established the triplet molecules will decay with

optically prepared vibrational distribution cools, the a thermalized rate constant K):
CO Z pulse is able to excite fewer molecules to the fast ( e d p(E) e/rd (1)
decayinr energv region. Finally, the yield reaches a fp Z)
steady value Ahich dces not change with further increase dNr/dt -(y)N r . (15)
c! the delay tine: this value of Y, corresponds to exci-

tation of the t r:na!ized triplet state. Therefore, both An increase in the fluence will result in more photons

the 4. 1 x10" s' Torr'; collisional quenching rate of the absorbed, a higher heat bath temperature. and an in-

induced flu(rescence signal and the 3.3x10 s-1 Torrt  creased decay rate (y).

decay rate of the fast drop yield Y'f are estimates of the The instantaneous rise time of the 10.6 I± induced fl-o.

collisional thermalization of the excited vibrational dis- rescence signal does indicate some direct infrared ex-

tribution. citation of the triplet state. in addition to that of the

ground state. The overall transient behavior of the 10.6
Since vibrational excitation is maintained only through

the thermalization time T,., intramolecular radiation. inl steeoedtemndb h oiwn e
les tderaisionie to trinetrmolecular rdii- quence of events. The CO, laser excites both the triplet
less decay is confined to triplet molecules occupying vin-rudelcrncsaes hl run tt oe

and ground electronic states. While ground state moie-
broriic levels with energy E greater than E,, where cules relax to a thermal distribution, the initial no;t*:er-

(EI)=-.;. . (11) mal triplet vibrational distribution relaxes towards the
vibrational temperature of the heat bath. When a ther-

The determination of YD and E provides information malization is achieved in a time r,,, the residual :ripiet

about the ini~ial vibrational distribution in thd following molecules which have not yet undergone a radiationless
way. Y 0 is the fraction of molecules excited to vibra-

tionl eerges xcedin E,9. p C),Vales ith transition will decay with the thermatized rate ,.Te
efficiency of the 10.6 g radiation at directly Vpmpin:

fluence 3.3 J/c.-r: induce phosphorescence signals char-ceizedb; 3. rop ide pophrescene sigals ar- the triplet state is considerably less than that oi the 9.
acterized b,' a drop yield of 0. 65. The thernialization

time corre!pordin7 to 150 mTorr biacetyl samples is A radiation. The fast, pressure independent dec.v:° tme o~re,;p~dig to150m~or bicetl saple is component of the 9. 6 p induced signals is Pint observed

about I ps; using the data reported by Van der Werf and for the 10.6 p signals, indicating that a neligible fra:-
tion of triplet molecules is excited to tl.e vibrational re-

spcads to a vl.-r:,tional onercry of 5-00 cin "t. Since Y' isp -ion where the condition ) (E) > k, is fuliilled. 'The en-

the fraction of roleculos excited to vibrational energies hanced e(ficicncv of the 9.6 nrultiphton excitation nw.,it
exceeding, E'., 6,' -of 'he triple, molecules were excitedn he related to the red shiftina of the ground state IR %'i-
to vibrational eneries exceedinz that of 5 CO, photons. brational spectrum in the triplet state of biacetyl...e
Another lo.er limit is obtained by uneping the fast drcpsho Cig. 3c -
yield 1 0.4. The fast, 00nsdcay time corresponds oth folnd stee hown in Fig. 3) con

4) ~~~~~~~~sists o h olwn he ad"
to an energ.: of 9 CO, photons; thus a fraction 0. 4 of the
triplet molecules have absorbed more than 9 "O' ph,- 1. A strong absorption band centered at 1115 cn t

1 Zns. (Since the Jecav times reported in Ref. 7 were assigned to the Cl1 a, or b, rocking mode.



2. A 945 em tl, medium strength absorption band re- (18) are radiative decay widths. The zero order width
lated to the C-CH3 b, stretching mode. VS is diluted by the factors N, orNs

3. A 915 cm't medium strength combination band due Following, the collisionless multiphoton process a non-to the 539 cri- and 380 cm-1 b. and a, benrding modes, thermal vibrational distribution is established witnLi th'e
respectively. Ii) manifold. The distribution is characterized by ex-

A partial analysis of the vibrational miodes of the triplet citation strips of width a.~P around the energies E,electronic states has been carried out bv Sidman and where
NICCl±1-0..s The frequencies of some of the analyzed E /V0maode 5' re red shifted with respect to the corresponding (18)wc0groui st-iC modes. It is therefore conceivable that the n= 0,1,2,3, ... (8
1045 cr<' P(20) 9. 6 ;A transaction coincides with the and AP, is a power broadening width. These excitationfrequency of the strongly absorbing CH3 rocking mode,. tisaeppltdb h ilihtnpoeswt

Vi. r-LULTIPHOTON INDUCED IER PROCESSprbiltepn)
Tte eneatin ofindce d bue luoescece mision The rate of photon emission!I is the sum of the rates

repotr. int:,s mauscipt ear a cosereseblace A and Is contributed by molecules excited to re-inns A
to the observation of induced visible emission due to the anBrepcily Toacute1itscnvinto

mulip.,"onexitaio ofgr~dstate moeue.Emis- subdivide region A into regions A, and All. A, is thc
up3ion e iaho fgrnd COopul eculs eesb energy region of extremely spare density of 'S) levels.

3erved from excited CrO,CI, " and FZ.O 4 samples. riz, * .s ~S 1 . Region All is characterized L-y aPlps1- > 1. Both regions A, and A,, are of course char 'xterizedfortner and Nitzan. and Burak et al. 9have explained the bv ASGPS _ 1. The emission rate from region Al, 'Al'rO2CI2 emissioni as originatin, from inultiphoton Cxci- isgvnb
ation to vibr3tional energ-y reg-ionLs where the ground isgenb
itate manifold is scarmbled with vibronic levels of an n, ,)'icited electr-onic state. jortner and Nitzan have car- 1A L os A P(fl)6'(E - Es)(9
*ied out an e~zteasive theoretical study of the inverseA
slectronic relaxation (IER) process leading to the ob- where K4 is the lowest integer fulfilling KJIW__> Eerved emission. Karny et al. 3re~ectod thie IER macha- K'l~o is the boundary between regions A, and .111 Esism in CrO.2Cl on the basis that the gr-_und state density is the seraration energy of the G and S origins. and V.It the origin of 'he electronic excited state i~s too high to is the number of molecules in the laser field.
rovide a reversible conversion, suzgesting instead the is thia diluted emission rate from the contannirate dIossibility of dizect infrared transitions from high vi- levels excited to the Pith~ subregion. ' (n) is 1he fractionrational levels of the ground state an~d low vibronic of molecules within the nzth subregion which areu con-
arels of the excited electronic state. tarninated. O'( - Es,) is defined throjugh Eq. (21)), ex-
In this sectioti we shall apply the IER th.:ory to obtain cen tha th ooeeu iThe is relcedo by the:iteria forthea experimental detectability of multiphoton power broadening width -%P,.Thinrdconfte

Iduced JER Fro:ersas. Our treatment will be confined stop function 0'(E) emphasizes the need for exact reso-
3 a lj) vibronic man~ifold resultin; from the scrambling nances in the A, re-ion: unless there exists an S levdt~

an exitdect.cvboic anfl S.)wihso within the range %P. around E, there can be no er.is-
nergetic vibi-,:ric levels IGY %" of the ground electronic sosfo h xiainsrpaon ~
.ate. The width of the Ij), levels may be constructed In region A,, on the other hand, all the exc itatioaiomthe zero order widths of the IGa) and I S.4) states strips contribute to the emission. The number ef con-y equations wlich are similar to Eqs. (2) and (3). taminated states within the excited njth region is %Ppsgain, the scrainbed manifold is divided into regions A and therefore
ad B correspcr.dirg to low and high vibrational dens i- OAS
es. respective~y, of the zero order IS.) states. The 'All=? NOS fin) p()PS(20)idths of the 'j) levels in region A are given bylo. 1t  0. NA

16E- E,) weeK''O stebudr ewe ein nvtA(E) = - L) --.- * (16a) whr Afit ,i tebudrybtenrein n
"AT 8, aridf, is estimated as

?JA(E) = 2' Np(E) . (I 6b) fa=&SG/AP. .(21)

i region B the widths are given by Substituting (21) for f. and aZGPC for NA in Eq. (20) re-
sults in

(17) OAS'Ns(h) 
'All = "V-e Fe~ n L (22)

pc(E) aP

N8() (17a) In contrast to the NIP excitation in regzion A. eakch ex-J
citation strip In rEctton BI contributes to litht emni-sion.contrast to tte radiationless decay widths givon in Since all the I l) levels in this retion arn contamna-trd.

Is. (2) and(I, the w~dths y, and Vs in Eqs. (17) and f)=1.The rate of photon emission 1, is r~iven by



qutty, the erni-'':ion deca,.s towa-,rds a new vzilii deter-SO Z- -1.%n) 23) r.;nd bythe ew iml~cratljr? F, commni on aildtch-;reesSAM 'AmP of'freedomn. Tl- d.!fteerrnc- hct'.een 7*,nr10T, -. ,M 1L

faccidental resoniances5 in region A, are neglected, the significant proviceci that the vihrational !,eat capic"'y is
umn rate of p'izrton trnission will be g'iven by equal to or less tlha-n the sum of the rotaticaal a--ci tran-s-

- lational heat capacities.

PG24 (c) Once the tenip.--rature T, in established, further
cooingof hesys--.r.procer-d; onily throu-'n thermal

S ince p/p, is a sl owlv increcsing function Of the * oligo tesvt-rtoalne- .aloebon1 ayb tand conductivity or irifrnreri emission, with thermalizatilor.
or te phto; emisionratefromtimes of a few nmiltic ' conds. Unimroiccular vT bimnolecu-
or te phton mision ate romlar reactive channels could a-coutnt for ouservod shorter

T~s~o(n:. ~p(i ( ifeti-nts of the con 7sion signals.
(Cc -C1An ex~pressio'n for the fluorescence intensity fro-m NIP

Yhere [(ps)/pj1* is the densityv of state; ratio at the ori- excited vibratiwial distribo~tions ojf triplet biactatyi mLe-
,in of th, exci.ed 5 state. Equ~ation (25) can be used to cusr bandb elcigtb n ~b .i
stimate the plaus'bilitv of detec-.inz emission due to a q.(5.Scex.th unroftiltnoels

nuliphtoni~xcedI~Rproess Weshal ast~e t~at prepa-red by th' optical radse is uninown. it is inipos-nultphotn inuuedIER roces. le shll a~umemat si'Qla to est .iiatr the rate of the irnc-ccd eni'sSion in tnehe experimentE is !ir-.-ted to detecting photons sat a rate
astr tan1 rotn pr is.Asumi~ - 0~andUI fluorescence reci;on. Only a small fr, -tion off the

aste than 1r~C Ito mc'lec I .value ~ of= V and t3.4-pb biacetyl inolec ;Ies is trat-ed ii the-- triplet sinte. Typi-
.06 S-1 a:ndC ;C-, rcpci'ev on oban.httcmn cal values of N% in the present expcriment are therefcre
fliuml detectable fraction of molecules excited above much smaller th'an the value 10'- nssicned previousi:; t:)

:'zvo is 10--. The CO, induced vibrationxl distribution U o h ho~v drd ~si.Ds~etO:Wv~
if CrO2 CI. is urnuiwn, however a value of 10" for the us of~1,Tedteinofteforsec i sn
.rpctton of rron state molecules which have absorbed this experiment is quaiitati-.-Cy cx!)Iair.Qd in terrs 6f 1t:e
ijore than 20 CO, pho*:Lins does not seemi implausible. r .aivl hig vauso -p~ ~adteh~ auof P(n)- 0. 5 achieved by th~e ifl excitaicov.

Equations (9) ar.d- 17) predict long radiative lifetimes
:cr Cie emnitt..ng molecules unde;,r collisionloss conc!i. ACKNOWLEDG, ENT
icfls. IndeEd. CO 4s CO.I laser induced emission sig~nls Ti okwsspotdb-toofc fNvlIe
nave bpen eectel from 1 nTorr Cr0 Cl, samples, Thswr a upre yteOnfe of usa 1. B.
a.ch longer tthan t.;ie roughlv 1 is ~'decav1 timcis o1 opti- serh(otat:Jl--cO3)On fu(.1.

is indebted to Pro'cssor J. Jortner for helpful iS.us-:ally excitedJ CrO-C. niolec-ules. If the induced vi: ible
emnission is omzcr~ed from hizh .~ressure samples, how- sos

ever, % rapid vibrational thermalization follows the ex.-
iutatio- t pulse, andi the rat of photon emission is then

7,1ven by$ 1J. G. Black, F. Yat-lonovitch, N. Bloermbergen. and S. Mu-
1AJ%NQv 5  (~s1 ~ 26) kernel, Plhys. Rev. L~et. 3S, 1131 (2977).
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